Intercellular Ca 2ϩ waves are believed to propagate through networks of glial cells in culture in one of two ways: by diffusion of IP 3 between cells through gap junctions or by release of ATP, which functions as an extracellular messenger. Experiments were conducted to determine the mechanism of Ca 2ϩ wave propagation between glial cells in an intact CNS tissue. Calcium waves were imaged in the acutely isolated rat retina with the Ca 2ϩ indicator dye fluo-4. Mechanical stimulation of astrocyte somata evoked Ca 2ϩ waves that propagated through both astrocytes and Mü ller cells. Octanol (0.5 mM), which blocks coupling between astrocytes and Mü ller cells, did not reduce propagation into Mü ller cells. Purinergic receptor antagonists suramin (100 M), PPADS (20-50 M), and apyrase (80 U/ml), in contrast, substantially reduced wave propagation into Mü ller cells (wave radii reduced to 16-61% of control). Suramin also reduced wave propagation from Mü ller cell to Mü ller cell (51% of control). Purinergic antagonists reduced wave propagation through astrocytes to a lesser extent (64-81% of control). Mechanical stimulation evoked the release of ATP, imaged with the luciferin-luciferase bioluminescence assay. Peak ATP concentration at the surface of the retina averaged 78 M at the stimulation site and 6.8 M at a distance of 100 m. ATP release propagated outward from the stimulation site with a velocity of 41 m/sec, somewhat faster than the 28 m/sec velocity of Ca 2ϩ waves. Ejection of 3 M ATP onto the retinal surface evoked propagated glial Ca 2ϩ waves. Together, these results indicate that Ca 2ϩ waves are propagated through retinal glial cells by two mechanisms. Waves are propagated through astrocytes principally by diffusion of an internal messenger, whereas waves are propagated from astrocytes to Mü ller cells and from Mü ller cells to other Mü ller cells primarily by the release of ATP.
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Stimulation of glial cells often evokes increases in intracellular Ca
2ϩ that propagate into neighboring glial cells as intercellular Ca 2ϩ waves. These Ca 2ϩ waves have been well characterized in cultured astrocytes (Finkbeiner, 1993; Verkhratsky et al., 1998) . Glial Ca 2ϩ waves also have been observed in intact tissue preparations, including the mammalian retina and cultured (Dani et al., 1992) and acutely isolated (Kang et al., 1998) hippocampal slices.
Propagated Ca 2ϩ waves in glial cells may modulate neuronal activity and influence information processing in the CNS. In culture, Ca 2ϩ increases in astrocytes are accompanied by the release of glutamate (Parpura et al., 1994; Bezzi et al., 1998; Innocenti et al., 2000) , which modulates synaptic efficacy and evokes inward currents in neighboring neurons (Araque et al., 1998a,b; Sanzgiri et al., 1999) . In the retina, Ca 2ϩ waves propagated through astrocytes and Müller cells, the principal retinal glial cell (Newman, 2001 ), can either excite or inhibit the lightevoked spike activity of nearby neurons (Newman and Zahs, 1998) . In acutely isolated hippocampal slices Ca 2ϩ increases in astrocytes potentiate inhibitory synaptic transmission (Kang et al., 1998) , whereas at the neuromuscular junction Ca 2ϩ increases in perisynaptic Schwann cells result in a reduction in neurotransmitter release (Robitaille, 1998) .
Calcium waves, in glial cells as well as in other tissues, initially were believed to be propagated by the diffusion of inositol trisphosphate (IP 3 ) through gap junctions (Sanderson et al., 1994; Sanderson, 1996) . Several lines of evidence support this mechanism of propagation. Glial cells in culture and in situ are coupled extensively by gap junctions (Ransom, 1995) . Agents that block gap junctional coupling, including octanol and halothane (Finkbeiner, 1992 ) and activators of protein kinase C (Enkvist and McCarthy, 1992) , also block the propagation of Ca 2ϩ waves. C6 glioma cells, which are poorly coupled, do not support wave propagation, although transfection of C6 cells with connexin43 restores wave propagation (Charles et al., 1992; Cotrina et al., 1998a) . Furthermore, agents that interfere with IP 3 signaling also block wave propagation (Boitano and Dirksen, 1992; Charles et al., 1993; Newman and Zahs, 1997) .
Recent evidence has demonstrated, however, that wave propagation also may proceed by an extracellular pathway. Calcium waves can be propagated between astrocytes in culture even when the cells are not contacting each other directly (Hassinger et al., 1996; Guthrie et al., 1999) or when gap junctional coupling is reduced experimentally (Guan et al., 1997; John et al., 1999) , demonstrating that propagation also can occur by the release of an extracellular messenger. The messenger is believed to be ATP, because ATP receptor antagonists (Guan et al., 1997; Cotrina et al., 1998a Cotrina et al., ,b, 2000 Guthrie et al., 1999; Fam et al., 2000) and apyrase (Cotrina et al., 1998a (Cotrina et al., ,b, 2000 Guthrie et al., 1999) , which hydrolyzes ATP, block the propagation of Ca 2ϩ waves in cultured astrocytes. In addition, Ca 2ϩ wave propagation in culture is accompanied by the release of ATP from glial cells (Cotrina et al., 1998a; Guthrie et al., 1999; Wang et al., 2000) .
The mechanism by which Ca 2ϩ waves are propagated between glial cells in intact tissue has not been investigated previously. I report here studies of the propagation of Ca 2ϩ waves through glial cells of the acutely isolated mammalian retina. The results suggest that propagation occurs by both intracellular and extracellular mechanisms.
MATERIALS AND METHODS
Retinal preparations
The everted eyecup, isolated whole-mount retina, and retinal slice preparations were used in these experiments. In all cases, male L ong-Evans rats (250 -400 gm) were anesthetized deeply with sodium pentobarbital administered intraperitoneally, and the eyes were removed.
Eyecup preparation. Eyecups were prepared as described previously (Newman and Bartosch, 1999) . Briefly, a portion of the back of the eye was cut from the eyeball and everted over a Plexiglas dome in the bottom half of a superf usion chamber. The top half of the chamber was placed over the eyecup and served to hold the preparation in place. Then the bulk of the vitreous humor was removed by suction, leaving a thin layer of vitreous adhering to the retinal surface. (The vitreous humor could not be removed enzymatically because this treatment detached the retina from the underlying pigment epithelium.)
W hole-mount retina. Whole-mount retinas were prepared as described previously (Z ahs and Newman, 1997) . Briefly, retinas were removed from the back of the eye, cut in one-half, and stored in oxygenated Ringer's for later use. The vitreous humor was removed from a piece of retina by enzymatic digestion (11 min at ϳ23°C in 2 mg /ml collagenasedispase and 0.1 mg /ml DNase), rinsed in Ringer's solution, and attached to a polycarbonate membrane filter (vitreal side up) by suction. The retina and filter were held in place in a superf usion chamber by a ring of platinum wire.
Retinal slice preparation. Retinal slices were prepared as described previously (Newman, 1985) . Briefly, isolated retinas were fixed to a piece of membrane filter as described above, submerged in Ringer's solution in a tissue chopper, and cut into ϳ500 m sections. Slices were fixed to the bottom of a superf usion chamber (cut surface upward) with beads of vacuum grease.
For all three preparations the retinas were incubated in the C a 2ϩ indicator dye fluo-4 AM (21 g /ml; Molecular Probes, Eugene, OR) and pluronic acid (2.6 mg /ml) in Ringer's solution for 30 min at ϳ23°C.
Retinal slice preparations were labeled before the slices were cut.
Superfusion of preparations
Preparations were superf used at 1-2.5 ml /min with HC O 3 Ϫ -buffered Ringer's solution at 24°C. In preliminary experiments trials also were conducted at 30 and 36°C. C alcium wave propagation was qualitatively similar at these higher temperatures, but responses were not characterized in detail. The Ringer's solution contained (in mM): 117.0 NaC l; 3.0 KC l, 2.0 C aC l 2 , 1.0 MgSO 4 , 0.5 NaH 2 PO 4 , 15.0 D-glucose, 32 NaHC O 3 , and 0.01 L-glutamate; the solution was equilibrated with 5% C O 2 in O 2 .
In experiments that used expensive reagents (apyrase, luciferin -luciferase), superf usion of the preparation was halted after an initial 30 min period and the reagents were added directly to the superf usion chamber. In these experiments the standing Ringer's solution in the chamber was oxygenated by enclosing the space between the chamber and the objective lens of the microscope with a Plexiglas cylinder. A steady stream of humidified 5% C O 2 in O 2 was directed into the space above the preparation. In control experiments the retinas that were maintained in this unsuperf used state continued to generate C a 2ϩ waves of normal magnitude and size for 3 hr.
Imaging intracellular Ca 2ϩ
Incubation of retinas in fluo-4 AM selectively labeled astrocytes and Müller cells, leaving retinal neurons unlabeled. Fluo-4-labeled cells were imaged with a video rate (30 Hz) Noran Odyssey confocal scanner (Middleton, W I) and a BX60 Olympus microscope with 20ϫ and 40ϫ water immersion objectives. Fluo-4 was imaged with 488 nm argon excitation and a 500 nm long-pass barrier filter. MetaMorph software (Universal Imaging, West Chester, PA) was used to acquire, store, and analyze images.
Imaging ATP release
ATP release from the retina was detected with the luciferin -luciferase bioluminescence assay in experiments on whole-mount retinas. After an initial 30 min superf usion period, superf usion was halted and the Ringer's solution in the chamber was replaced with 400 l of Ringer's containing 25 l of luciferase stock solution (Sigma L 1759; 10 mg /ml in 0.5 M Tris buffer, pH 7.5; St. L ouis, MO) and 25 l of luciferin stock solution (Sigma L 6882; 11.1 mg /ml in H 2 O). ATP bioluminescence was detected with an intensified cooled CCD camera (I-PentaM AX, Princeton Instruments, Trenton, NJ), using an integration time of 0.5 sec and 2 ϫ 2 binning.
ATP release calibration
ATP bioluminescence was calibrated by imaging a series of ATP standards in the bulk solution between a glass slide and the water immersion objective (Olympus 20ϫ, 0.5 numerical aperture, 3.3 mm working distance). After background subtraction, log bioluminescence was found to vary linearly with log ATP concentration for concentrations ranging from 1 nM to 10 M. The slope of the log-log relation was almost precisely 1, indicating a linear relation between ATP concentration and bioluminescence, as shown previously (Wang et al., 2000) .
ATP calibrations also were performed in the presence of suramin. For concentrations between 1 nM and 10 M ATP, 100 M suramin reduced ATP bioluminescence to 28% of control. This correction factor was used when ATP levels were calculated in experiments done in the presence of suramin.
In the calibration procedure described above, ATP bioluminescence was measured throughout the entire depth of the solution. When ATP is released from glial cells at the retinal surface, in contrast, bioluminescence comes only from a thin layer of solution above the retina. For a given ATP concentration at the retinal surface, a far smaller bioluminescence signal will be measured when ATP is released from glial cells.
T wo additional procedures were used to compensate for this difference in the ATP bioluminescence signal. First, the bioluminescence from a 145 m thickness of solution (an arbitrary thickness contained conveniently beneath a coverglass) was compared with the signal from the bulk solution beneath the objective. For the same ATP concentration the signal from the bulk solution was 20.8 times larger. Second, diff usion of ATP from the retinal surface into the bath was estimated by using the diff usion equation for release of a substance from a plane into a semiinfinite volume (Crank, 1985) :
where C is the ATP concentration, M is the instantaneous ATP source, D is the ATP diff usion coefficient (3.3 ⅐ 10 Ϫ 6 cm 2 /sec at 22°C; Hubley et al., 1996) , t is time, and x is the distance above the retinal surface.
The profile of ATP concentration above the surface was calculated for a continuous ATP source of 4 sec duration. (ATP levels peaked ϳ4 sec after stimulation in experiments.) Using this concentration profile, the ATP concentration at the surface (x ϭ 0) was found to be 4.0 times the average ATP concentration within the first 145 m above the surface. (C alculated ATP concentration was negligible beyond 145 m.) Taken together, these calculations imply that the bioluminescence signal measured in calibrations from the bulk solution is 83.2 times greater (4 ⅐ 20.8) than the bioluminescence signal generated by ATP release from the retina for the same ATP concentration at the retinal surface. This factor of 83.2 was applied in ATP release experiments to calculate the actual ATP concentration at the surface of the retina.
Retinal stimulation
C alcium waves were evoked by mechanical stimulation of glial cells. A metal-in-glass microelectrode plated with a ϳ10 m diameter Pt ball was used to stimulate cells. A piezoelectric actuator (Burleigh Instruments, Fishers, N Y) was used to advance the probe 15-25 m for a 10 msec pulse.
Glial cell sensitivity to ATP was assessed by pressure-ejecting ATP in Ringer's solution onto the retina from pipettes with tip diameters of ϳ5 m. Pressure pulses (5 sec duration) at 10 psi were used. Pipette tips were positioned 10 -15 m above the retinal surface.
Image analysis
C alcium wave size was assessed 9.5 sec after the waves were evoked by measuring wave radius visualized in ratio images of C a 2ϩ indicator dye fluorescence. C alcium fluorescence images that were acquired between 6.5 and 9.5 sec after stimulation were averaged and divided by the average of images that were acquired in a control period before stimu-lation. These ratio images were displayed as pseudocolor pictures. Threshold for detection of the leading edge of C a 2ϩ waves was taken as a ⌬F/F increase of 0.6. C alcium wave propagation through astrocytes and Müller cells could be differentiated by the pattern of C a 2ϩ increases observed at the retinal surface. Propagation through astrocytes was marked by increases in fluorescence in astrocyte somata and in their processes. Propagation through Müller cells, in contrast, was distinguished by increases in background fluorescence and, in some cases, by the appearance of bright fluorescent spots (Müller cell endfeet). When maximum wave radii were unclear when they were viewed in ratio images, the maximal extent of wave propagation in the two types of glial cells could be determined by viewing speeded-up movies of the waves.
Results are given as mean Ϯ SEM (number of samples). Statistical significance was assessed by the Student's t test (unpaired samples).
RESULTS
Astrocyte stimulation
As reported previously , mechanical stimulation of an astrocyte on the surface of the retina evoked an increase in intracellular Ca 2ϩ that propagated through neighboring glial cells on the retinal surface as a Ca 2ϩ wave. These Ca 2ϩ waves were analyzed by computing ratio images that clearly delineated the maximum spread of the wave (Fig. 1 A) . A number of pharmacological experiments were performed to differentiate between the two likely mechanisms of Ca 2ϩ wave propagation: diffusion of an intracellular messenger through gap junctions and release of an extracellular messenger. Experiments were performed on eyecups. Movies of glial Ca 2ϩ waves in the rat retina can be viewed at http://www.neurosci.umn.edu/faculty/ newman.html.
Control
In control solution the Ca 2ϩ waves propagated through both astrocytes and Müller cells. In ratio images of wave propagation (Fig. 1 A) . Maximum wave spread, measured at 9.5 sec after stimulation, was determined independently for astrocytes and Müller cells by examining ratio images and by viewing movies of wave propagation. In control solution the maximum wave radius was almost identical for astrocytes and Müller cells, 85 and 82 m, respectively (Table 1) .
After stimulation of an astrocyte soma, wave propagation proceeded smoothly through the processes of the stimulated astrocyte and into the soma and processes of adjacent astrocytes. Propagation into Müller cells, in contrast, always followed a distinct pause. The delay between a Ca 2ϩ increase in an astrocyte process and the Ca 2ϩ increase in an adjacent Müller cell endfoot averaged 0.85 sec (Table 1 ; Fig. 2 A, B) . Wave propagation from astrocytes to Müller cells occurred in 100% of the trials.
Octanol
If wave propagation is mediated by diffusion of an intracellular messenger between coupled cells, propagation should be compromised by gap junctional blockers. Octanol has been shown to block gap junctions between astrocytes and Müller cells in the rat retina, although it does not block junctions between astrocytes and other astrocytes .
Calcium wave propagation was not reduced by the addition of 0.5 mM octanol in the superfusate. After astrocyte stimulation, waves propagated through both astrocytes and Müller cells (see Fig. 1 B) . Maximum wave radius in octanol was 101 m for both astrocytes and Müller cells (Table 1) , slightly larger than wave radius in control solution. [It was not possible to determine the effect of uncoupling astrocytes from other astrocytes because there is no known agent that uncouples retinal astrocytes effectively without compromising the health of the cells . High concentrations of gap junction blockers might reduce wave propagation through astrocytes. This reduction likely would be attributable to cell damage rather than to a specific block of the junctions, however.]
Purinergic antagonists
If wave propagation is mediated by the release of ATP, propagation should be compromised by the addition of purinergic receptor blockers. This proved to be the case. Although wave propagation through astrocytes continued in the presence of purinergic antagonists, propagation into Müller cells either was blocked entirely or was reduced substantially.
Suramin (100 M) and PPADS (20 and 50 M), P2 receptor antagonists, both inhibited Ca 2ϩ wave propagation in Müller cells. In 24 of 54 trials Ca 2ϩ waves evoked by the stimulation of an astrocyte propagated into adjacent astrocytes but failed to propagate into Müller cells (see Fig. 1C ). In 30 other trials Ca 13 and 50 m in suramin and PPADS, respectively (Table 1) , substantially smaller than the mean radius of 82 m in control solution.
When a Ca 2ϩ wave did propagate into Müller cells, the delay in propagation from an astrocyte to a neighboring Müller cell was substantially longer than in the absence of the antagonist. Mean delays were 2.4 and 2.1 sec in suramin and PPADS, respectively, compared with 0.85 sec in control solution (Table 1 ; Fig. 2C,D) .
Although wave propagation through astrocytes continued in the presence of purinergic antagonists, the waves were reduced somewhat in size. Maximum wave radius in astrocytes was reduced from 85 to 54 and 69 m in suramin and PPADS, respectively (Table 1) .
Apyrase
If wave propagation from astrocytes to Müller cells is mediated by the release of ATP, then propagation should be compromised by the addition of apyrase, which hydrolyzes ATP. This was the case. Apyrase (80 U/ml) strongly inhibited wave propagation from astrocytes to Müller cells (see Fig. 1 D) . Maximum wave radius in Müller cells was 21 m (Table 1) . Apyrase also reduced wave propagation in astrocytes to a lesser extent (Table 1) .
Effect of superfusate flow
Superfusate flow should influence Ca 2ϩ wave propagation if ATP, acting as an extracellular messenger, is involved in the propagation mechanism. This was tested in isolated whole-mount retinas in which the vitreous humor had been removed by enzymatic digestion and the superfusate directly contacted the retinal surface. In this preparation, superfusate flow dramatically altered Ca 2ϩ wave propagation (Fig. 3) . When flow was stopped, propagation proceeded uniformly in all directions (Fig. 3A) . Maximum wave radius measured along radii in opposite directions was identical (Table 2) . With superfusate flow turned on, in contrast, propagation was highly asymmetric; the wave traveled much farther in the direction of flow (Fig. 3B) . Maximum wave radius was 2.5 times greater when measured in the direction of superfusate flow as compared with the radius in the direction opposite the flow (Table 2) .
There was no detectable effect of superfusate flow on Ca 2ϩ wave propagation when measured in the eyecup. This is presumably because the thin layer of vitreous humor that remained on the surface of the eyecup shielded the retinal surface from flowing superfusate.
Additional extracellular messengers
Other extracellular messengers, in addition to ATP, could contribute to Ca 2ϩ wave propagation. This issue was addressed in additional experiments on isolated whole-mount retinas. In control solution and with superfusate flowing, wave propagation was highly asymmetric (Fig. 4 A) , as described above. This asymmetry was eliminated completely by the addition of 100 M suramin to the superfusate, despite the fact that the superfusate continued to flow (Table 2 ; Fig. 4 B) . The effect of suramin was reversible, and asymmetric propagation returned when the purinergic antagonist was washed out (Fig. 4C) . The results suggest that ATP is the only extracellular messenger contributing to Ca 2ϩ wave propagation.
Mü ller cell stimulation Eyecup
The experiments described above characterize Ca 2ϩ wave propagation between astrocytes and from astrocytes to Müller cells after stimulation of astrocyte somata. Additional experiments were conducted in eyecups to explore wave propagation between Müller cells. Small clusters of Müller cells were stimulated with a probe positioned in the inner plexiform layer (IPL) 15-30 m below the retinal surface. At this depth the probe stimulates Müller cell processes; astrocyte processes rarely extend past the ganglion cell layer.
Müller cell stimulation evoked Ca 2ϩ waves that propagated radially through Müller cells (into cell endfeet and somata) and laterally from Müller cell to Müller cell parallel to the retinal surface. Waves were always initiated at the tip of the stimulating probe, within the IPL, rather than at the surface where the probe penetrated the retina. The maximum lateral radius of waves propagated through Müller cells (parallel to the surface) was 64 m (see Table 1 ), somewhat smaller than the maximum radius of waves initiated by stimulation at the retina surface.
Calcium waves occasionally propagated from Müller cells into astrocytes at the retinal surface after Müller cell stimulation, although waves often propagated past astrocytes without invading them. When a Müller cell wave did propagate into an astrocyte, there was a considerable delay, 2.6 Ϯ 0.2 sec (9), between the rise of Ca 2ϩ within Müller cells and the Ca 2ϩ increase within the adjacent astrocyte.
Retinal slices
Additional experiments were conducted by using retinal slices to visualize the spread of Müller cell Ca 2ϩ waves within the retina. A stimulating probe was positioned 20 -50 m beneath the cut surface of the slice at the level of the IPL, where the probe stimulated radial Müller cell processes (Fig. 5F ). Müller cell stimulation initiated Ca 2ϩ waves that propagated spherically through Müller cells from the tip of the stimulating probe. Waves traveled proximally into Müller cell endfeet, distally into Müller cell somata (but not beyond the somata), and laterally, parallel to the retinal surface ( Fig. 5A-E) . Maximum wave radius, measured parallel to the retinal surface, was 66 m, similar to the radius of Müller cell waves in the eyecup (see Table 1 ).
Suramin (100 M) substantially reduced the propagation of Ca 2ϩ waves through Müller cells in retinal slices. The maximum radius of Müller cell waves in the presence of the antagonist was 33 m, one-half that of control trials (see Table 1 ).
ATP release
The experiments described above suggest that ATP or a related compound serves as an extracellular messenger and activates P2 purinergic receptors on glial cells. If this is the case, ATP should be released from glial cells during Ca 2ϩ wave propagation. To test this, ATP release was monitored in isolated whole-mount retinas with the luciferin-luciferase bioluminescence assay.
Mechanical stimuli that reliably evoked Ca 2ϩ waves indeed did evoke a wave of ATP release that propagated outward from the point of stimulation (Fig. 6) . At 10 sec after stimulation the mean radius of the ATP wave was 162 Ϯ 9 m (8). (A 3 M ATP concentration was used as a criterion for judging the edge of the wave.) This radius is similar to, but somewhat greater than, the radius of Ca 2ϩ waves in whole-mount retinas, which was 148 m at 10 sec. Maximum ATP concentration at the point of stimulation averaged 78 M and decreased at increasing distances from the stimulation site (Table 3) . (As described in Materials and Methods, ATP concentrations cited in this study represent concentrations at the retinal surface; simple diffusion of ATP into the bath solution is assumed.)
It could be argued that the wave of ATP release observed in these experiments is not actually a propagated wave but rather represents the diffusion of ATP released solely from cells directly stimulated by the probe. This possibility was tested by monitoring ATP release in the presence of suramin. In 100 M suramin, retinal stimulation did evoke the release of ATP. As evident in line scans of ATP concentration, however, the ATP increase failed to propagate outward from the stimulation site (Figs. 7, 8 ). In addition, peak ATP levels were reduced significantly in the presence of suramin, particularly at a distance from the stimulation site (Table 3 ). 3.3 (8) 18.9 Ϯ 2.7 (8) 6.8 Ϯ 1.3 (8) 100 M suramin 60.9 Ϯ 3.4* (6) 6.2 Ϯ 0.4* (6) 3.1 Ϯ 0.2* (6) ATP concentration was measured by using the luciferin-luciferase bioluminescence assay. Mean Ϯ SEM (n) are given. *p Ͻ 0.02, control versus suramin.
The propagation velocity of ATP waves was determined by plotting wave radius (using a 3 M ATP threshold) as a function of time (Fig. 8) . ATP wave velocity (measured 0 -2 sec after stimulation) averaged 41.4 Ϯ 0.6 m/sec (n ϭ 8). The propagation velocity of Ca 2ϩ waves, measured in the same preparation and with the same stimulus, was somewhat slower, averaging 28.2 Ϯ 0.9 m/sec (n ϭ 8). The leading edge of the ATP wave preceded that of the Ca 2ϩ wave by ϳ25 m and 0.9 sec during the first 2 sec after stimulation (Fig. 8) , as expected if ATP is serving as an extracellular messenger mediating Ca 2ϩ wave propagation.
ATP ejections
If ATP is serving as an extracellular messenger, then application of ATP should evoke Ca 2ϩ increases in retinal glial cells and trigger propagated Ca 2ϩ waves. This proved to be the case (Table  4) . Pressure ejection of ATP at concentrations of 1 M or greater evoked Ca 2ϩ increases in both astrocytes and Müller cells. Ejection of ATP at concentrations of 3 M or greater evoked a propagated Ca 2ϩ wave that traveled through both astrocytes and Müller cells.
DISCUSSION
In cultured astrocytes intercellular Ca 2ϩ waves have been shown to be propagated in one of two ways: by the diffusion of an intracellular messenger between cells through gap junctions or by the release of ATP, which functions as an extracellular messenger. The results described in this study indicate that, in glial cells in acutely isolated CNS tissue, Ca 2ϩ waves are propagated by both of these mechanisms.
Propagation by release of an extracellular messenger
The asymmetric wave propagation seen in superfused wholemount retinas (see Fig. 3 ) clearly demonstrates that an extracellular messenger participates in wave propagation in retinal glial cells. The messenger is carried along by the flowing superfusate. The lack of an effect of octanol (see Table 1 ), which uncouples astrocytes from Müller cells , also highlights the importance of an extracellular messenger for wave propagation between these two types of retinal glial cells.
Additional experiments reveal the nature of the extracellular messenger. Agents that block ATP signaling (suramin, PPADS, apyrase) substantially reduce propagation from astrocytes to Müller cells and from Müller cells to other Müller cells (see Table  1 ). In many cases these agents block propagation from astrocytes to Müller cells entirely. These results indicate that the release of ATP is the principal mechanism of wave propagation between these two types of glial cells.
The delay observed in wave propagation from astrocytes to Müller cells (see Table 1 ; Fig. 2 ) is consistent with an extracellular mechanism of propagation. The delay may represent the latency between the arrival of a Ca 2ϩ wave in an astrocyte and the release of ATP from that cell as well as the latency to the release of Ca 2ϩ from internal stores after the activation of purinergic receptors on Müller cells. The delay in wave propagation is increased substantially by purinergic antagonists (see Table 1; Fig. 2 ), as expected if ATP serves as the extracellular messenger.
The detection of ATP release during Ca 2ϩ wave propagation (see Fig. 6 ) by the highly selective luciferin-luciferase assay also supports its role as an extracellular messenger. Stimuli that evoke Ca 2ϩ waves in retinal glial cells also trigger ATP release. In wave by ϳ1 sec (see Fig. 8 ), as is expected if it contributes to Ca 2ϩ wave propagation. Finally, astrocytes in culture have been shown to release ATP during the propagation of Ca 2ϩ waves (Cotrina et al., 1998a; Guthrie et al., 1999; Wang et al., 2000) . Although not demonstrated directly in this study, the experiments described here suggest that ATP is released by the retinal glial cells conducting the Ca 2ϩ wave. ATP release results in ATP concentrations at the retinal surface sufficient to trigger increases in glial Ca 2ϩ . At 100 m from the stimulation site, ATP concentration reached 6.8 M (see Table 3 ). ATP ejection experiments (see Table 4 ) demonstrate that ATP concentrations as low as 3 M reliably elicit glial Ca 2ϩ increases. A similar threshold sensitivity to ATP has been reported for cultured spinal cord astrocytes (Scemes et al., 2000) . These responses to ATP are mediated by purinergic receptors, which have been described in both astrocytes (Walz et al., 1994; King et al., 1996; Ralevic and Burnstock, 1998; Fam et al., 2000) and Müller cells (Jabs et al., 2000; Pannicke et al., 2000) .
Other extracellular messengers
The experiments described above demonstrate that ATP functions as an extracellular messenger in Ca 2ϩ wave propagation, but do other extracellular messengers also contribute to wave propagation in retinal glial cells? Most likely not. When suramin is added to the superfusate, blocking the action of ATP, Ca 2ϩ wave propagation becomes completely symmetric, although the superfusate continues to flow (see Table 2 ; Fig. 4 ). If another agent is functioning as an extracellular messenger for wave propagation, it must function by activating purinergic receptors.
Glutamate, which is released during Ca 2ϩ wave propagation (Parpura et al., 1994; Bezzi et al., 1998; Innocenti et al., 2000) and can evoke Ca 2ϩ increases in some glial cells (Finkbeiner, 1993; Verkhratsky et al., 1998) , may function as a second extracellular messenger in some glial systems. Retinal glial cells are insensitive to glutamate , however, and the transmitter does not mediate Ca 2ϩ wave propagation in the retina, nor does glutamate function as an extracellular messenger in some cultured astrocyte preparations (Hassinger et al., 1996) .
Propagation by diffusion of an internal messenger
Purinergic antagonists had much less of an effect on wave propagation between astrocytes than they did on propagation in Mül-ler cells. Robust wave propagation through astrocytes continued in the presence of suramin and apyrase, even in trials when these agents completely blocked propagation into Müller cells. These results indicate that the diffusion of an internal messenger is the principal mechanism of wave propagation between astrocytes. The messenger is presumably IP 3 , as it is in other systems (Sanderson et al., 1994; Sanderson, 1996) .
Purinergic antagonists and apyrase did reduce propagation through astrocytes somewhat (see Table 1 ), suggesting that ATP, acting as an extracellular messenger, augments wave propagation in these cells. It was noted also that the maximal radius of Ca 2ϩ waves was reduced somewhat in eyecups as compared with those in whole-mount retinas (see Tables 1, 2 ). This could arise if the vitreous humor, present in eyecups but absent in whole-mounts, contains ATPases that reduce the effectiveness of ATP as an extracellular messenger.
It is curious that IP 3 can function as an internal messenger for wave propagation through astrocytes, but not from astrocytes to Müller cells, although astrocytes and Müller cells are coupled together extensively. An explanation may be found in the nature of the gap junctions linking retinal glial cells . Astrocytes are coupled to other astrocytes by homotypic junctions that pass both Neurobiotin and Lucifer yellow. Astrocytes are coupled to Müller cells, in contrast, by heterotypic junctions that permit the diffusion of the small tracer Neurobiotin from astrocytes to Müller cells, but not from Müller cells to astrocytes. In addition, the larger, negatively charged tracer Lucifer yellow does not pass through these junctions in either direction. It is possible that IP 3 , which also is negatively charged, is not able to pass through the heterotypic junctions coupling astrocytes to Müller cells, although it can pass through the homotypic junctions coupling astrocytes to each other (Scemes et al., 2000) .
There is no evidence that Müller cells are coupled directly to each other in the rat retina. It is not surprising, therefore, that Ca 2ϩ wave propagation between Müller cells proceeds by the extracellular ATP pathway rather than by diffusion of an internal messenger.
Glial-neuronal signaling
Increases in Ca 2ϩ within glial cells have been shown to lead to the modulation of neuronal activity in several acutely isolated preparations. In the retina the propagation of Ca 2ϩ waves in glial cells can result in either the excitation or inhibition of lightevoked spike activity in adjacent neurons (Newman and Zahs, 1998) . In acutely isolated hippocampal slices, glial Ca 2ϩ increases potentiate inhibitory synaptic transmission onto CA1 pyramidal neurons (Kang et al., 1998) . At the neuromuscular junction, Ca 2ϩ increases within perisynaptic Schwann cells induced by the injection of GTP␥S result in a profound reduction in transmitter release from the terminals of motor neuron axons (Robitaille, 1998) . 
